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Abstract. The nature of the massive object at the Galac-
tic Center (Sgr A∗) is still unclear even if various ob-
servational campaigns led many authors to believe that
our Galaxy hosts a super-massive black hole with mass
M ≃ 2.6 × 106 M⊙. However, the black hole hypothe-
sis, which theoretically implies a luminosity ≃ 1041 erg
s−1, runs into problems if one takes into account that the
observed luminosity, from radio to γ-ray wavelengths, is
below 1037 erg s−1. In order to solve this blackness prob-
lem, alternative models have been recently proposed. In
particular, it has been suggested that the Galactic Center
hosts a ball made up by non-baryonic matter (e.g. mas-
sive neutrinos and anti-neutrinos) in which the degeneracy
pressure of fermions balances their self-gravity. Requiring
to be consistent with all the available observations towards
the Galactic Center allows us to put severe astrophysical
constraints on the neutrino ball parameters. The presence
of such an object in the Galactic Center may be excluded
if the constituent neutrino mass mν is >∼ 24 keV, while if
mν <∼ 24 keV observations can not give a definite answer.
Key words: Elementary Particles, Gravitation, Galaxy
Center
1. Introduction
There is much evidence for the presence of super-massive
black holes (SBHs) with masses in the range 106−109 M⊙
in QSOs, AGNs and centers of galaxies. In our Galaxy, the
discovery of the unusual radio source SgrA∗ and the de-
tailed information coming from star dynamics led many
authors to believe that also our Galaxy hosts a SBH with
mass (2.6 ± 0.4) × 106 M⊙ (Genzel, Thatte, Krabbe and
Tacconi-Garman 1996). Since this SBH should accrete the
surrounding gas at the rate M˙ ≃ 10−6 M⊙ yr−1 (Ghez,
Klein, Morris and Becklin 1998), the usual radiative ef-
ficiency ǫ ≃ 0.1 would imply a luminosity L ≥ 1041 erg
s−1. However, the observed luminosity from radio to γ-
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ray wavelengths is below 1037 erg s−1, thereby implying
that the SBH hypothesis runs into problems (Goldwurm,
Cordier, Paul et al. 1994). This is the so called “black-
ness problem” or the “black hole on starvation”. Several
alternative models have been proposed to solve the issue.
For example, Narayan, Mahadevan, Grindlay et al. (1998)
proposed the advection dominated accretion flow model
(ADAF), according to which most of the dissipated energy
is channeled into protons that cannot radiate efficiently.
However, as has been recently noted, the polarized radia-
tion from SgrA∗ requires a nonthermal electron distribu-
tion for the emitting plasma and this seems to imply that
the ADAF model is ruled out (Agol 2000). In principle, the
direct observation of a mass density profile ρ(r) ∝ r−7/4
(Binney and Tremaine 1987) very close to SgrA∗ should
allow to confirm the presence of a compact object like a
SBH at the Galactic Center. However, the present obser-
vational techniques do not permit to distinguish stars at
distances r <∼ 10
−2 pc from the Galactic Center, so that
the SBH hypothesis at the Galaxy Center is far from be-
ing conclusive1.
Recently, Torres, Capozziello and Lambiase (2000)
have investigated the hypothesis that the Galactic Cen-
ter could consist of a super-massive boson star. They an-
alyzed stability configurations and dynamics giving the
prospects for the observational detection of such an ob-
ject, using the new generation of X-ray, radio interferom-
etry satellites and, in general, tools capable of detecting
strong gravitational lensing effects. The conclusions were
that the SBH hypothesis is, again, far from being defini-
tive while the “signature” of boson stars could be (or not)
soon available in the case of very massive bosons (see e.g.
Capozziello, Lambiase and Torres 2000).
Another alternative model to the SBH scenario at the
Galactic Center has been proposed by some authors (Tsik-
lauri and Viollier 1998a, Tsiklauri and Viollier 1998b,
1 For different methods to investigate the nature of the
Galactic Center see e.g. De Paolis, Gurzadyan and Ingrosso
(1996), De Paolis, Ingrosso and Nucita (2001), and references
therein.
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Capozziello and Iovane 1999). According to this scenario,
neutrinos and anti-neutrinos could gravitationally interact
forming super-massive neutrino balls in which the degen-
eracy pressure of fermions balances the self-gravity of the
system.
Choosing neutrinos in a particular mass range implies
the formation of super-massive fully degenerate objects
with mass ≃ 106 M⊙. In particular, Capozziello and Io-
vane 1999 proposed to investigate the eventual neutrino
ball at Galactic Center by gravitational lensing, since the
neutrino ball acts as a transparent medium.
On the other hand, the existence of a neutrino ball
at the Galactic Center avoids to invoke the presence of a
SBH and, under certain circumstances, should be able to
justify the low luminosity (from radio to γ-rays) observed
towards SgrA∗.
However, if a neutrino ball really exists at the cen-
ter of the Galaxy, this possibility must be consistent both
with the theoretical mass limit of a stable configuration
of fermions and with the currently available observational
data, i.e. i) the star dynamics within about one pc from
SgrA∗, ii) the low source luminosity. In addition, the in-
teraction among neutrinos and anti-neutrinos within the
ball, or the decay of neutrinos into neutrinos of different
flavors, may also produce characteristic signatures reveal-
ing the object at the Galactic Center.
The aim of the present paper is to derive astrophysi-
cal constraints on the parameters of the neutrino ball with
particular attention to the neutrino mass mν . To this pur-
pose, we relax the assumption of fully degenerate neu-
trino configurations adopted until now in the literature.
Accordingly, we adopt a formalism based on the distri-
bution function in phase-space allowing to obtain more
general fermion configurations with a degeneracy degree
depending on the radial coordinate within the ball. In this
formalism either classical configurations (in which parti-
cles obey the Maxwellian statistics) and fully degenerate
systems are naturally included. In this way, considering
in addition the astrophysical constraints i) and ii) in the
paragraph above, the allowed neutrino mass range turns
out to be 11 keV <∼mν <∼ 24 keV.
We note that assuming neutrinos in this mass range,
it is also possible to build up neutrino ball models with
total mass up to 109− 1010 M⊙ and radius ≃ 10−3− 10−2
pc. These objects might influence the accretion process
of super-massive black holes in the AGN cores or com-
pletely mimic the central black holes, acting as the engine
of AGNs. This possibility has been explored in some de-
tails by Tsiklauri and Viollier (1996), but considering only
fully degenerate self-gravitating configurations.
A further problem to be addressed is the cosmologi-
cal implications of the existence of such heavy neutrinos.
This problem has been discussed by several authors (e.g.
Kolb and Turner 1990, Viollier 1994, Lindebaum, Tup-
per and Viollier 1999, Dolgov and Hansen 2000) to whom
we refer for further details. Here we mention that an ac-
tive neutrino (νe, νµ or ντ ) of mass of a few keV is the
warm dark matter candidate preferred by many authors,
on the basis of N-body simulations of large scale structure
formation (e.g. Colin, Avila-Reese and Valenzuela 2000).
Indeed, Big Bang nucleosynthesis can only exclude ac-
tive neutrino masses bigger than about 300 keV (Dolgov,
Hansen and Semikoz 1998). However, in the framework
of the standard cosmology, active neutrinos with mass in
the range 11 keV <∼mν <∼ 24 keV, overclose the universe
by a factor of about 100 (Kolb and Turner 1990). Con-
sequently, if heavy neutrinos formed and were in equilib-
rium in the early universe, they have to rapidly decay
in order to not overclose it. Therefore, standard cosmol-
ogy strongly constrains the presence of heavy neutrinos
nowadays. Many authors have discussed this issue in the
framework of more exotic cosmological scenarios. Indeed,
it has been shown that the cosmological bound on neu-
trino mass can be bypassed at least in three ways: by i)
avoiding to thermalize massive neutrinos with a reheat
temperature (Giudice, Kolbe, Riotto et al. 2000), ii) de-
cay of neutrinos, iii) annihilation of neutrinos and anti-
neutrinos (Bilic´, Munyaneza and Viollier 1998 and refer-
ences therein). Another possibility has been explored by
Dolgov and Hansen (2000) who have shown that in the
framework of a slightly extended standard model of ele-
mentary particles, right handed (or sterile) neutrinos of
mass <∼ 20 keV, are not in contrast with cosmological con-
straints (see also Shi and Fuller 1999). However, this issue
cannot be considered firmly established since this model
is constrained by astrophysical bound on νs → νγ (see
e.g. Dress and Wright 2000). Alternatively, in contrast
with the standard cosmology, some authors (Viollier 1994,
Bilic´, Lindebaum, Tupper and Viollier 2000, Lindebaum,
Tupper and Viollier 1999) have proposed a scenario ac-
cording to which the universe has become heavy neutrino
matter dominated 22 days after the Big Bang at temper-
ature ∼ 1 keV. From that time on, the evolution of the
universe differs substantially from the standard cosmol-
ogy results since the universe will undergo a gravitational
phase transition leading to super-massive neutrino sys-
tems with masses close to the Oppenheimer-Volkoff limit
≃ 3× 109 M⊙ (Lindebaum, Tupper and Viollier 1999 and
references therein). At this stage, annihilation of heavy
neutrinos into non-standard light bosons may take place,
thereby reducing the neutrino number density inside neu-
trino systems.
However, well aware that in the framework of standard
cosmology the heavy neutrino hypothesis meets with diffi-
culties, in the present paper we focus on a set of indepen-
dent astrophysical constraints on the neutrino mass that
can be derived from the observational data towards the
galactic center. Obviously, further theoretical analysis is
necessary in order to clarify if heavy neutrinos may really
exist and cluster in the galactic centers. Anyway, the next
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generation of X-ray and γ-ray satellites, with improved
sensitivity and angular resolution, will allow to definitely
confirm or exclude the presence of a massive neutrino ball
at the galactic center.
The outline of the paper is the following: in Section 2
we describe the adopted neutrino ball model, then we con-
sider in Section 3 a set of astrophysical constraints which
can be put on the neutrino ball parameters. In Section 4,
we investigate the observational signatures from this ex-
otic object at the Galactic Center. Our main conclusions
are summarized in Section 5.
2. The neutrino ball model
The gravitational equilibrium of a fully degenerate sys-
tem of fermions is well known since Chandrasekhar (1939)
who showed that equilibrium configurations do exist if the
total number of particles is less than the critical value
Ncrit ≃ (mPlanck/mν)3. Here mPlanck ≃ (h¯c/G)1/2 is the
Planck mass. However, it has been stressed by several au-
thors that in the standard cosmology a degeneracy value
near zero (corresponding to the semi-degenerate case)
should be expected for neutrinos produced in the early
universe (see e.g. Dolgov and Zel’dovich 1981). When the
gravitational configurations of semi-degenerate systems of
fermions are calculated, a spatial divergence appears and
the solutions are not finite in masses and radii as in the
case of isothermal systems obeying the classical statistics
(Gao and Ruffini 1980). A solution to this problem has
been proposed by Ruffini and Stella (1983) on the basis
of the early work of King (1966). These works introduce
a distribution function modified with an energy cutoff in
phase space and allow to obtain self-gravitating systems
limited in extension since the velocity of the particles at
any point of the system has to be lower than the escape
velocity. In the case of spherical symmetry and within the
non-relativistic approximation (see below), this escape ve-
locity is given in terms of the gravitational potential V (r)
by
v2e(r) = −2V (r) , (1)
where V (r) is fixed to be zero at the boundary R of the
system.
Massive neutrinos are considered to be collisionless and
are described in the momentum space by the distribution
function (Ruffini and Stella 1983)

dn(r) = gh3
1−e(ǫ−ǫc(r))/kT
e(ǫ−µ(r))/kT+1
d3p(ǫ) for ǫ ≤ ǫc(r)
dn(r) = 0 for ǫ > ǫc(r) ,
(2)
where ǫc(r) is the energy cutoff for neutrinos, g = 2sν +1
the spin multiplicity of quantum states, µ(r) the chemical
potential and T the fermionic thermodynamic tempera-
ture assumed to be constant. This distribution function
generalizes to semi-degenerate systems of fermions the dis-
tribution function introduced by King (1966) for systems
of classical particles (for which µ(r)→ −∞). At the same
time it includes the usual Fermi-Dirac statistics, which is
recovered from equation (2) in the limit µ(r) → +∞ and
ǫc(r)→ +∞.
In view of the application of the distribution function
in equation (2) to the neutrino ball at the Galactic Cen-
ter, we restrict our attention to the non-relativistic regime
because of the densities involved in this structure. With
the approximation ǫ = mνv
2/2 and kT << mνc
2, after
integration on d3p, one gets the mass density ρ(r) and the
pressure p(r) as a function of the radial coordinate r
ρ(r) =
2πg m4ν
h3j3
∫ W (r)
0
1− ex−W (r)
ex−θ(r) + 1
x1/2 dx . (3)
p(r) =
2
3
πg m4ν
h3j5
∫ W (r)
0
1− ex−W (r)
ex−θ(r) + 1
x3/2 dx , (4)
where
x = j2v2 , j2 =
mν
2kT
(5)
and the quantities W (r) and θ(r) are the energy-cutoff
and degeneracy parameter defined by
W (r) =
ǫc(r)
kT
and θ(r) =
µ(r)
kT
. (6)
We note that in the fully degenerate limit, being θ(r)≫ 1
and W (r) ≫ 1, equations (3) and (4) give the usual
density and pressure of a degenerate Fermi gas (Chan-
drasekhar 1939)
[ρ(r)]deg =
4πgm4ν
3h3
(
2µ(r)
mν
)3/2
, (7)
[p(r)]deg =
4πgm4ν
15h3
(
2µ(r)
mν
)5/2
. (8)
Density and pressure in equations (3) and (4) depend on
four parameters: the mass of the particle mν , the temper-
ature parameter j, the energy cutoff parameter W (r) and
the degeneracy factor θ(r). However, the assumed condi-
tion of thermal equilibrium in the presence of a gravita-
tional field for the neutrino ball implies the following rela-
tion between θ(r) and W (r) (Ingrosso, Merafina, Ruffini
and Strafella 1992)
θ(r) =W (r) + θR , (9)
where θR ≤ 0 is the degeneracy evaluated at the system’s
surface.
Assuming spherical symmetry, within the non-
relativistic limit, the equations governing the gravitational
equilibrium of the self-gravitating systems are
dp
dr
= −GM(r)ρ
r2
,
dM
dr
= 4πr2ρ , (10)
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which can be recasted in the form
dW
dr
= −2j2GM(r)
r2
, (11)
from which it follows that
d2W
dξ2
+
2
ξ
dW
dξ
= −8πGj2r20ρ , (12)
where ξ = r/r0 is a dimensionless radius expressed in
terms of the “core radius”
r20 =
9
8πGρ(0)j2
. (13)
We note that the particle velocity dispersion obeys the
relation
< v2(r) >=
3p(r)
ρ(r)j2
, (14)
which in the classical limit reduces to the Boltzmann re-
lation < v2(r) >= 3/(2j2), while in the fully degenerate
case reads < v2(r) >= 3W (r)/(5j2).
Equation (12) has to be integrated with the boundary
conditions W (0) = W0 and W
′(0) = 0 from the center
of the configuration to the surface at which W (R) = 0.
Clearly, equation (12), through the definition of the den-
sity ρ(r), also depends on the degeneracy parameter at
the surface of the configuration θR, while the dependence
on the parameters mν and j disappears by the definition
of r0. The radius R and the total mass M of the system
are given by
R = r0ξR and M =
r0
2Gj2
(
−ξ2 dW
dξ
)
ξ=ξR
, (15)
where ξR is the value of the radial coordinate at which
W (ξR) = 0 and ρ(ξR) = 0.
A detailed analysis of the numerical solutions of equa-
tion (12) has been performed by Ruffini and Stella (1983)
and Ingrosso, Merafina, Ruffini and Strafella (1992), show-
ing that simple scaling relations between mν , M and R
may be found both in the classical and in the degenerate
cases. In fact, in the classical limit θR → −∞, one gets
mν ∝ R−3/8e−θR/4M−1/8 . (16)
In the degenerate limit the dependence of mν on the pa-
rameter θR disappears so that the scale law is
mν ∝ R−3/8M−1/8 , (17)
corresponding to the well known Chandrasekhar’s (1939)
scaling laws. The typical relationship between the ball ra-
dius and the constituting neutrino mass is shown in Figure
1 and it will be discussed in the following Section.
Fig. 1. The neutrino ball radius R is reported as a func-
tion of the constituting neutrino mass mν . The neutrino
ball mass has been assumed to be M = (2.6± 0.2)× 106
M⊙. The oblique dashed line corresponds to the full de-
generate models. The vertical continuous line represents
the Chandrasekhar limit. The two horizontal dashed lines
bound the models satisfying the observed luminosity to-
wards SgrA∗. The models above the horizontal solid line
have Tev ≥ TH . Details are throughout the text.
3. Astrophysical constraints
The aim of this Section is to determine the constraints that
current astrophysical observations can put on the physi-
cal parameters of a possible neutrino ball at the Galac-
tic Center, described by the model outlined in Section 2.
These constraints are the consequence both of the avail-
able astronomical observations, like star dynamics within
1 pc from the Galactic Center and the SgrA∗ luminosity
observed in all wavelenghts, and of the theoretical mass
limit for stable configurations of fermions.
First of all, it is well known that the two dimensional
positions and velocities measured for stars in the inner
6′′ × 6′′ (0.23 × 0.23 pc) provide excellent constraints
on the matter distribution at the galactic center. With
the assumption that stars are gravitationally bound by
the central gravitational potential, Bahcall and Tremaine
(1981) proposed to use a projected mass estimator which,
for the case of star isotropic orbits, is given by
M =
16
πG
< v2(b)b > (18)
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where v(b) and b represent the star projected velocity and
distance from SgrA∗, respectively. For the Galactic Center
data the estimator above gives, for the amount of matter
contained within 0.015 pc, the valueM = (2.6±0.2)×106
M⊙ (Ghez, Klein, Morris and Becklin 1998).
As far as the SgrA∗ luminosity is concerned, Melia
(1992) showed that observations of stellar winds and gas
flows near SgrA∗, coupled with the above estimate of
the SBH mass, imply a minimum mass accretion rate
M˙ ≃ 10−6 M⊙ yr−1 (Genzel, Hollenbach and Townes
1994). This estimate, for a standard thin accretion disk
around the SBH would imply a total luminosity L ≥ 1041
erg s−1 with a peak emission in the X-ray band. On
the contrary, the total luminosity observed from radio to
γ-ray wavelengths is below 1037 erg s−1, peaked in the
near infrared region corresponding to a photon energy
Eγ ≃ 5 × 10−5 keV (Narayan, Mahadevan, Grindlay et
al. 1998).
In the neutrino ball scenario, assuming that the star
dynamics around SgrA∗ is accounted for by the galac-
tic neutrino ball gravitational potential, we need that the
mass enclosed within about 10−2 pc is M ≃ 2.6 × 106
M⊙. This condition, as it is evident from equations (16)
and (17), allows us to determine the neutrino mass as a
function of the ball radius in the case of degenerate sys-
tems, and of both the ball radius and degeneracy param-
eter θR in the case of semi-degenerate ones. This is shown
in Figure 1 where the oblique dashed line corresponds to
the fully degenerate systems. The models on the right part
with respect to this line are models with decreasing values
of the degeneracy parameter θR and increasing values of
the neutrino mass mν .
An upper limit to the constituting neutrino mass mν
does anyway exist as a consequence of General Relativity.
In fact, it is well known (see e.g. Shapiro and Teukolsky
1983) that the balance between the gravitational force and
the degeneracy pressure leads to stable configurations of
fermions until the number of particles composing the sys-
tem does not exceed the critical value given by
(Nν)max ≃
(
h¯c
G
)3/2
m−3ν . (19)
In this way, the maximum neutrino mass allowed by the
General Relativity can be estimated as a function of the
total mass by
(mν)max ≃ 787
(
2.6× 106 M⊙
M
) 1
2
keV , (20)
which, for the assumed neutrino ball mass, entails
mν,max ≃ 787 keV. This limit corresponds to the verti-
cal solid line in Figure 1.
In addition to the above dynamical constraint, also
the SgrA∗ luminosity has to be consistent with the ball
parameters M , R and mν . We assume that the luminos-
ity observed from the Galactic Center is the result of the
accretion of the surrounding gas on the neutrino ball. In
this case, for a spherical inflow, the energy of the emitted
thermalized photons is given by (Shapiro and Teukolsky
1983)
Eγ ≃ 10−5 R−1/216 L1/437 keV , (21)
where R16 and L37 represent the neutrino ball radius and
the total luminosity in units of 1016 cm and 1037 erg s−1,
respectively.
Therefore, for an observed SgrA∗ luminosity L ≃ 1037
erg s−1, and for a photon energy Eγ ≃ (5±1)×10−5 keV,
the previous equation entails a set of acceptable neutrino
ball models corresponding to the region between the two
horizontal dashed lines in Figure 1. As one can see, the
lower limit to the neutrino mass is mν ≃ 11 keV corre-
sponding to the maximum acceptable neutrino ball radius
R ≃ 5.5 × 10−2 pc. We note also that the mass enclosed
within 0.015 pc is 2.42 × 106 M⊙, in agreement with the
observational constraints.
An additional constraint on the allowed neutrino ball
parameters R and mν derives by requiring that the evapo-
ration time-scale of the system is greater than the Hubble
time TH ≃ 1.4 × 1010 yrs. In fact, by considering the in-
teraction among neutrinos and anti-neutrinos of the ball
itself via the following reaction channels (Boehm and Vo-
gel 1987)
ντ + ν¯τ → νe + ν¯e
ντ + ν¯τ → νµ + ν¯µ ,
(22)
the evaporation time-scale can be defined as
Tev ≃
1
nν < vν > σνν
, (23)
where σνν ≃ G2fm2ντ /2πh¯4g (Gf is the Fermi coupling con-
stant) is the process cross section (Holdom and Malaney
1994) and the neutrino mean velocity < vν > is given by
equation (14). By requiring that Tev ≥ TH we obtain that
the allowed models are those above the horizontal solid
line in Figure 1 corresponding to a minimum neutrino ball
radius of 4.3× 10−3 pc.
At this stage, the allowed neutrino ball parameters are
represented by the grey region in Figure 1. In the next
Section, the allowed region will be further reduced by con-
sidering the available observations both in the X-ray and
γ-ray energy bands towards SgrA∗.
4. Search for galactic neutrino ball signatures
In order to study the influence of a neutrino ball at the
Galaxy Center, we investigate the observable signatures
that should be produced i) in the interaction of incom-
ing high energy neutrinos (or anti-neutrinos) with anti-
neutrinos (or neutrinos) composing the ball, and ii) in the
interaction between neutrinos and anti-neutrinos in the
ball itself.
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Let us first consider the case i). The existence of an
high energy µ neutrino (and/or anti-neutrino) flux is a
theoretical consequence of the decay of charged pions pro-
duced in high energy pN interactions. From Cosmic Ray
observation on Earth, Waxman and Bahcall (1998) derive
an upper bound to the high energy neutrino flux given by
dNνµ
dEνµ
≃ 2× 10−8
(
Eνµ
GeV
)−2
neutrinos
cm2 s sr GeV
(24)
where Eνµ represents the energy of the incident µ neutri-
nos. The previous relation holds for Eγ ≥ 103 GeV. In the
framework of the Standard Model for weak interactions,
these particles interact with the massive anti-neutrinos ν¯τ
(or neutrinos ντ ) composing the ball, giving rise to a pho-
ton flux on Earth, as a consequence of the final neutral
pion decays (Fargion, Mele and Salis 1999). Indeed, for a
νµ ν¯τ (and charge conjugated ν¯µ ντ ) interaction via the
W exchange in the t-channel, the cross section is given by
(Fargion, Mele and Salis 1999)
σ(s) ≃ 108.5 As
{
1 +
m2W
s ×[
2− s−BA ln
(
B+A
B−A
)]}
pb ,
(25)
where mW is the W boson mass,
√
s is the center of mass
energy which – in the relativistic limit reads out to be√
s ≃
√
2mντEν – and the two functions A and B are
defined, respectively, as

A =
√
[s− (mντ +mνµ)2][s− (mντ −mνµ)2] ,
B = s+ 2m2W −m2τ ,
(26)
where mντ and mνµ are the neutrino ντ and the neutrino
νµ masses, respectively. From the t-channel reaction chain
for final photon production, it is easy to observe that the
energy of each incident neutrino is a multiple η of the
energy of the produced photon (Eνµ ≃ ηEγ) and that each
step of the chain occurs with probability Pi (Fargion, Mele
and Salis 1999).
The photon flux on Earth, obviously, depends on the
neutrino ball parameter, i.e. the radius R and the neu-
trino number density nντ (r) ≃ ρ(r)/mντ . In this way, the
photons flux at energy Eγ is estimated to be
dNγ
dEγ
≃
∫ R
0
dNνµ
dEνµ
( r
D
)2
eσ(s)nντ (r−R)σ(s)nντ
∏
i
Pidr , (27)
where D ≃ 8.5 Kpc is the Earth distance from the Galac-
tic Center. In Figure 2 we show the flux dNγ/dEγ for
different values of Eγ and mντ >∼ 20 keV, assuming for the
neutrino ball mass and radius the values M ≃ 2.6 × 106
M⊙ and R = 10
−2 pc, respectively. In all cases, the γ-ray
flux on Earth is too low to be measured by the actual in-
strumentation leaving open the problem to discriminate
the Galactic Center dark object by using this kind of sig-
nature.
If a neutrino ball really exists at the Galactic Center,
other possible characteristic signatures come from the in-
teraction among neutrinos and anti-neutrinos of the ball
itself via the radiative reaction channel and by the τ neu-
trino decay (Boehm and Vogel 1987)
(a) ντ + ν¯τ → γ + γ
(b) ντ → νe + γ .
(28)
Following Viollier and Trautmann (1993), we assume that
the reaction channel (a) produces photons at energy Eγ =
mνc
2 giving rise to an emission line with luminosity
Laγ ≃ 4× 1025
(
M
2.6×106 M⊙
)3
×(
mντ c
2
14.5 keV
)9
erg s−1.
(29)
Further, neglecting X-ray absorption along the line of
sight to the Galactic Center 2, the corresponding photons
flux on Earth turns out to be
Φaγ ≃ 4.5× 10−13
(
M
2.6×106 M⊙
)3
×(
mντ c
2
14.5keV
)8
cm−2s−1.
(32)
Another possible neutrino ball signature comes from the
(b) reaction channel in (28). In fact, as a consequence of
the standard electroweak interaction theory, heavy neu-
trinos may decay into lighter neutrino species trough the
emission of a photon producing an X-ray emission line at
energy Eγ = mντ c
2/2. The corresponding photon lumi-
nosity is
Lbγ ≃
Mc2
2TD
, (33)
where the radiative decay constant TD is given by (Viol-
lier, Leimgruber and Trautmann 1992)
T−1D ≤ 3× 10−19
(
mντ c
2
14.5 keV
)5
yr−1 . (34)
2 Generally, in order to evaluate the photon flux on Earth
we have also to consider the interstellar absorption due to the
interaction of photons with the interstellar medium protons.
In this way the photon flux on Earth should be
Φγ ≃
Lγ
4piD2
e−τ , (30)
where the total optical depth τ is the sum of the two terms
τ1 = σγpn1,pD1 and τ2 = σγpn2,pD2. The cross section for
γ − p interaction is given by (Morrison and McCammon 1983)
σγp ≃ 2.3 × 10
−22(Eγ/keV)
−8/3 cm2 (31)
and the proton number densities n1,p and n2,p are assumed to
be n1,p ≃ 100 cm
−3 within D1 ≃ 100 pc from SgrA
∗ (see also
Zane, Turolla and Treves 1996) and n2,p ≃ 1 cm
−3 from the
central region to Earth at the distance D2 ≃ 8.5 kpc, respec-
tively. As we will see, in the case of interest (Eγ ≥ 10 keV) the
absorption turns out to be negligible.
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Consequently, the luminosity entails
Lbγ ≤ 2.3× 1034
(
M
2.6×106 M⊙
)
×(
mντ c
2
14.5 keV
)5
erg s−1 ,
(35)
corresponding to a photon flux on Earth
Φbγ ≤ 1.2× 10−4
(
M
2.6×106 M⊙
)
×(
mντ c
2
14.5keV
)4
cm−2s−1.
(36)
Let us now compare this expected photon flux with the
presently available data. In the energy range of interest (10
keV <∼Eγ < 787 keV), data have been collected mainly by
the instruments ART-P on board of GRANAT and OSSE
on CGRO.
ART-P made detailed observations towards the Galac-
tic Center region in the energy band 3 keV - 30 keV
(Pavlinsky, Grebenev and Sunyaev 1994) and in partic-
ular towards SgrA∗ with exposure time ≃ 164,000 s. The
derived photon spectrum is well described by a power law
model with index α = −1.6 ± 0.1 and the measured av-
erage flux, in the 3 − 20 keV energy band, is 8.8 × 10−3
photons cm−2 s−1. The absence of lines and/or of other
particular features is clear from Figure 6 on Pavlinsky,
Grebenev and Sunyaev (1994).
OSSE instrument on the CGRO satellite has also ob-
served the Galactic Center in the energy range 30 keV
- 1 MeV with exposure time of about one day (Smith,
Leventhal, Gehrels et al. 1995). The observed SgrA∗ spec-
trum can be well fitted by a power law model with index
α = −2.1 ± 0.1 and with average flux, in the 30 − 600
keV energy band, of 9.7×10−5 photons cm−2 s−1 (Smith,
Leventhal, Gehrels et al. 1995). It is important to note
that in the OSSE spectrum of the Galactic Center only
two structures were observed, i.e the emission line at 511
keV, corresponding to the electron-positron annihilation
radiation, and the emission feature at 170 keV which is
interpreted as the Compton backscattered 511 keV radia-
tion (Smith, Leventhal, Gehrels et al. 1995).
A flux Φγ , due to an emission line at energy Eγ , is
detectable with kσ statistical detection threshold if
Φγ > k
√
Φobsγ (Eγ)
Tobs
, (37)
where Tobs is the observation time and
Φobsγ (Eγ) =
∫ Eγ+∆E
Eγ−∆E
dN
dE
dE (38)
is the observed flux on Earth. Here dN/dE is the photon
spectrum as observed by the ART-P and OSSE satellites
and 2∆E is the instrument spectral resolution (see Pavlin-
sky, Grebenev and Sunyaev 1994, Molkov, Grebenev,
Pavlinsky and Sunyaev 1999, Johnson, Kinzer, Kurfess
and Strickman 1993).
Clearly, due to the neutrino mass range 11 keV <∼mν <∼
787 keV (obtained from the analysis in Figure 1), the pho-
ton flux Φbγ in equation (36) is the most favorite signa-
ture for direct observation. Thus, by setting Φγ(Eγ) ≡
Φbγ(mνc
2/2), the two hand sides of equation (37) are plot-
ted in Figure (3) as a function of the line energy Eγ . In-
spection of this figure allows us to reject neutrino ball
models corresponding to neutrinos with mass mν >∼ 24
kev since they are expected to imply emission lines which
should have been detected by ART-P. Consequently, the
permitted neutrino mass range reduces to 11 keV <∼mν <∼
24 keV.
Fig. 2. The photon flux dNγ(Eγ)/dEγ on Earth, resulting
from the interaction of high energy cosmic neutrinos (or
anti-neutrinos) with the anti-neutrinos (or neutrinos) of
the ball, is reported as a function of the photon energy
Eγ . The dashed region corresponds to different photon
fluxes depending on the constituting neutrino mass in the
range 20 − 787 keV. Due to the extremely low flux on
Earth, this kind of signature can not be used in order to
test the presence of the neutrino ball at the center of the
Galaxy.
5. Discussion and conclusion
In this paper, we investigate the possibility that the Galac-
tic Center hosts a massive neutrino ball of total mass
M ≃ 2.6 × 106 M⊙. The existence of such an object, un-
der particular circumstances, should justify the low lumi-
nosity, from radio to γ-rays, observed in the direction of
SgrA∗.
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Fig. 3. The photon flux on Earth, produced by the de-
cay of massive neutrinos into lighter species throughout
a photon emission, is reported for different constituting
neutrino mass. The neutrino ball mass has been assumed
to be M = (2.6 ± 0.2) × 106 M⊙. The dashed lines show
the threshold flux necessary to see a line at energy Eγ
within 5σ statistical detection confidence level for the in-
struments ART-P and OSSE. The continuous line gives
the expected photon flux in a line at energy Eγ = mνc
2/2
(for details see text).
We build up models for the neutrino ball by studying
the gravitational equilibrium of a semi-degenerate fermion
gas. Density and pressure within the ball are defined by
adopting a formalism based on a distribution function in
phase space, which allows us to consider neutrinos with a
degeneracy degree varying from the center to the border of
the system. Limiting cases are the fully degenerate fermion
systems (which are represented by the oblique dashed
line in Figure 1) and the classical isothermal spheres
well known in the literature. The local balance between
gravitational force and pressure gradient leads to stable
configurations if the number of neutrinos (and/or anti-
neutrinos) does not exceed the critical value in equation
(19). This fact, for a total ball massM ≃ 2.6×106 M⊙, al-
low us to put an upper limit to the neutrino massmν <∼ 787
keV. This limit is represented in Figure 1 by the vertical
solid line. Acceptable neutrino ball models in Figure 1 are
those between the oblique dashed line and the vertical
solid one, having decreasing degeneracy with increasing
neutrino mass mν .
By requiring, moreover, that the observed luminosity
towards SgrA∗ comes from the accretion process on the
neutrino ball and that the evaporation time scale of the
ball is longer than the Hubble time, the allowed models
are those on the grey region in Figure 1. Correspondingly,
we get that 11 keV <∼mν <∼ 787 keV.
The above neutrino mass range can be further reduced
by studying the photon flux on Earth due to i) interaction
of incoming ultra high energy neutrinos (or anti-neutrinos)
with anti-neutrinos (or neutrinos) composing the ball, and
ii) interaction between neutrinos and anti-neutrinos in the
ball itself (28 a) and τ neutrino decay (28 b). Investigation
of such effects gives us the opportunity to test the model
itself by comparing the neutrino ball signature with the
available satellite observations. In particular, the neutrino
decay reaction ντ → νe + γ gives rise to an emission line
at energy mντ c
2/2. However, a detailed analysis of the
observed spectrum towards the Galactic Center allows us
to exclude such a signal for a constituting neutrino mass
mν >∼ 24 keV (see Figure 3). Therefore, present observa-
tions do not allow to exclude the existence of a neutrino
ball at the Galactic Center with massM ≃ 2.6×106 M⊙ if
the constituting neutrino mass mν is in the range 11 keV
<∼mν <∼ 24 keV. The next generation of X-ray satellites,
like XEUS (XEUS home-page 2000) and Constellation-X
(Constellation-X home-page 2000), with improved sensi-
tivity and angular resolution will be able to definitively
exclude or confirm the existence of a neutrino ball with
constituting particle mass in the above range.
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